ABSTRACT. Lion numbers are in steep decline in Africa. Lions have been eliminated from agricultural areas, and pastoralists have lost tolerance for predators; ready availability of cheap and effective poison poses a critical threat to their survival in Kenya outside of the largest national parks. However, lions still thrive on the commercial ranchlands of Laikipia District, where landowners use traditional low-cost African methods of livestock husbandry to effectively protect domestic stock from predators. Thus, Laikipia has been an ideal laboratory in which to investigate the ecology of predators living in human-dominated landscapes and factors in management of both livestock and lions which allow coexistence between them. Although socioeconomically unrepresentative of most African rangelands, the Laikipia experience shows that it is easy to raise livestock in the presence of viable populations of large carnivores if people have incentive and motivation to take basic, traditional measures to keep them apart. The current lack of financial incentives for rural Kenyans to tolerate wildlife, however, may limit the usefulness of the Laikipia model to privately owned lands.
INTRODUCTION
Laikipia District is unusual in many ways, but unique in one: it is the only place in the world where commercial ranchers actively conserve large predators and go to significant lengths to coexist with them. In Europe, North America, and Asia, humans have eliminated large carnivores to protect livestock, but at a time when Africa's great predators are also rapidly disappearing, the Laikipia example shows that carnivore extinction is not a necessary consequence of livestock production and rural development. Nor does carnivore conservation require resources beyond traditional methods available and familiar to pastoralists throughout East Africa. Laikipia ranchers have found that the ancient techniques which traditionally allowed humans to rear livestock in natural ecosystems are still highly effective at protecting domestic animals from predators.
In 1995 wolves (Canis lupus) were reintroduced into the northern Rocky Mountains despite the vehement and nearly universal opposition of the livestock ranchers of Wyoming, Montana, and Idaho. In 2005, the entire 71,600 km 2 Yellowstone ecosystem lost 13 cattle and 71 sheep to wolves (Defenders of Wildlife, 2006) ; in spite of full monetary compensation and prompt removal of the offending wolves, the great majority of U.S. ranchers are still intensely opposed to wolf recovery. By comparison, in 1995 By comparison, in -1996 , the average (132 km 2 ) ranch in Laikipia lost 10.6 cattle and 52.3 sheep to predators (Frank, 1998) . Ranchers there are not compensated for their losses, and many make little money from tourism, yet few advocate the elimination of predators. Unlike American ranchers, most accept costs of livestock protection measures and occasional livestock losses as a part of doing business.
STATUS OF LIONS IN AFRICA
Ten thousand years ago, the lion (Panthera leo) was the most widely distributed mammal on earth, ranging across most of Europe, Asia, Africa, and North and South America (Turner and Anton, 1997; Yamaguchi et al., 2004) . It was eliminated from the New World at the end of the Pleistocene and from Europe and nearly all of Asia in historical times. In Africa, it has been eliminated from 83% of its historic range since European colonization, but only in the last few years have conservationists come to realize how serious the situation has become: the best current estimate is that fewer than 30,000 lions exist in the wild, and nearly half of those are in Tanzania (Chardonnet, 2002; Bauer and van der Merwe, 2004; IUCN, 2006) . Most of the rest are in small and isolated national parks, vulnerable to stochastic events such as disease and political upheaval.
Only six protected or managed areas are large enough to ensure long-term survival of lions and other wide-ranging mammals (IUCN, 2006) ; three of those are in Tanzania and one, the Tsavo complex, is in Kenya. Given Africa's history of political instability and rapid human population growth, lion populations may soon come to resemble tiger populations: scattered among small parks, few of which are sufficiently large and interconnected to maintain a viable metapopulation. It is a truism of population biology that small, isolated populations cannot survive indefinitely without gene flow among them (Harcourt et al., 2001) . Because human population growth and land pressures make creation of new large protected areas unlikely, maintaining viable populations of large mammals outside and between national parks is critical to their conservation.
STATUS OF LIONS IN KENYA
European settlement of Kenya at the turn of the twentieth century had a major impact on wildlife generally and predators in particular. Because they readily prey on livestock, large carnivores were considered vermin, and settlers exterminated them from farming and ranching areas. As an example of the zeal with which lions were killed, safaris to the Serengeti area in the early 1900s sometimes shot over 100 lions (Turner, 1987) , and clients of just one Nairobi safari company killed 700-800 lions in 1911 alone (Herne, 1999:78-89 ). In 1908, over 150 lions were killed "on license" in Laikipia District (Playne, 1909) . This scale of slaughter was not exclusive to the early days of settlement: between 1946 and 1952, one Laikipia game warden shot 434 lions "on control" (Herne, 1999) , and several individuals killed over 300 lions apiece in the course of ranching in other parts of Kenya in the 1970s and 1980s (Anonymous individuals, personal communications).
Much of this killing took the form of "sport" but was motivated primarily by the perceived need to protect domestic animals. Although ranchers in East Africa used traditional African cattle husbandry methods that effectively minimized losses (see below), western practice was to eliminate predators rather than try to live with them. Poison (strychnine and organochlorine cattle dips) was widely used on East African ranches, continuing well into the latter half of the twentieth century (Denney, 1972) . At least until recently, both the Kenya Wildlife Service and the Kenya Veterinary Department poisoned and shot spotted hyenas (Crocuta crocuta) on a wide scale, affecting lions and other scavengers as well (Mwaniki, 1997; L. Frank, personal observation, 1991) .
In Kenya, lions were eliminated from settled agricultural areas in the last century, and today they persist only in national parks and reserves and on some rangelands. Extrapolating from known numbers in a few areas, we estimate a current Kenya population of less than 2,000 individuals (Frank et al., 2006) ; there are no data upon which to base estimates for earlier periods. Until quite recently, they were still widespread in Masailand of southern Kenya and throughout much of northern Kenya (covering roughly half of Kenya's land area), but that has changed dramatically in the past 20 years. Although there are no data available for the north, it seems clear that overgrazing and ubiquitous firearms have largely eliminated most wildlife, including lions. Again, there are no historical data for lion numbers in southern Kenya, but they were still abundant in much of Masailand until the current century, which has seen a dramatic decline due to spearing and poisoning (Ogutu et al., 2005; Frank et al., 2006) .
LIVING WITH LIONS: THE LAIKIPIA PREDATOR PROJECT
In spite of its overwhelming importance in modern lion conservation, there has been remarkably little research on lion-human conflict. Laikipia ranchers' commitment to conservation, including tolerance of predators, has made this an ideal laboratory in which to study all aspects of carnivore-livestock interactions and to improve humans' ability to live with lions. Working in central and northern Laikipia, we have identified over 180 lions and radio collared 145 since 1998.
STATUS OF LIONS IN LAIKIPIA communAl lAnds
Lions are rare on most communal lands of Laikipia. Overgrazing by domestic livestock has reduced wild ungulate numbers on group ranches, leaving superabundant goats and cattle as the most available and vulnerable prey for carnivores. Incoming lions kill livestock and are then poisoned. Because lions are so rare on communal lands, our community conservation efforts among Laikipia pastoralists have concentrated on reducing losses to spotted hyenas.
Lions avoid community areas, remaining largely within the bounds of commercial ranches by day (Figure 1) . Note, however, that most of our data are obtained from radio tracking flights in the early morning; current studies with GPS collars will reveal the extent to which some individuals may use communal areas at night. The cues used by lions to avoid communal areas are not known but may involve low density of wild prey, high density of livestock and humans, or greater experience of persecution in those areas.
Use of poison is widespread in Laikipia's communities. We have records of at least 52 lions being poisoned on communal lands since 2003; 22 of these are known to have originated on commercial ranches but were poisoned when they moved onto community lands. Spotted hyenas are in steep decline as well: at least nine were known to have been poisoned on one Laikipia group ranch in seven months in 2007 (S. Dolrenry, Living With Lions/University of Wisconsin, personal communication, 2007) . Much poisoning is meant for hyenas, but lions often die instead; an entire northern Laikipia pride died this way in 2004, and we have had similar reports from eastern Laikipia. Poisoning is not restricted to Laikipia: a minimum of 68 lions have been poisoned in the comparably sized Amboseli-Tsavo ecosystem since 2001 (Frank et al., 2006 ; L. Hazzah, Living with Lions and University of Wisconsin-Madison, unpublished data). Although shooting can target specific problem animals, poison is indiscriminate and often removes whole prides at once, as well as large numbers of other predators and scavengers.
Although strychnine was identified in one case, a more common agent is carbofuran, sold as Furadan for use in agriculture. Although banned in Europe and North America because of its toxicity to birds and mammals, Furadan is cheap and was widely available in Kenya until 2009, when adverse publicity in the United States caused the American manufacturer to temporarily withdraw it from the Kenya market (Gavshon and Magratten, 2009 ). Vultures have become noticeably uncommon in most of Kenya, including Laikipia, the victims of poisoned carcasses put out to kill lions, hyenas, and leopards. Bushmeat snaring also affects predators (Hofer et al., 1993) , and in some parts of Laikipia a substantial proportion of hyenas and lions bear snare scars.
commerciAl rAnches
The commercial ranches of Laikipia support one of the few stable population of lions in Kenya and the only one outside a protected area; most other populations are known or thought to be in decline. Most Laikipia lions are wary of humans, staying in dense bush by day, and we have found that they do not respond reliably to callin census techniques that are useful in protected areas (Mills, 1996; Mills et al., 2001) . Thus, it is difficult to obtain precise numbers, but extrapolating from known pride sizes and home ranges, we estimate a stable population of 200-250 of all ages, representing a density of 6-7 adult and subadult lions/100 km 2 on the commercial ranches. In comparison to ecologically comparable bush ecosystems lacking livestock, densities in Kruger National Park varied between 3.3 and 9.6 adult and subadult lions/100 km 2 (Mills, 1995) . Creel and Creel (1997) estimated the lion density of the hunted population in the Selous Game Reserve to be between 8 and 13 adults/100 km 2 , and Yamazaki (1996) estimated densities of between 5 and 6 adult and subadult pride females/100 km 2 , or 12-13 lions/100 km 2 if calculated for all pride members, in a hunted population in Zambia. In Kenya, Patterson et al (2004) estimated about 4 adult females/100 km 2 in the bush country surrounding Tsavo National Park.
Although wild ungulates in Laikipia are outnumbered 10 to 1 by livestock (N. Georgiadis, N. Olwero, and 
COSTS OF LIVING WITH LIONS
In all studies of livestock losses, disease and drought account for a much higher proportion of livestock mortality than do predators (Frank, 1998) . However, losses to predators or human raiders elicit a much stronger emotional response from owners.
Both commercial ranchers and Mukogodo Masai pastoralists use traditional African livestock husbandry techniques: cattle, sheep, goats, and camels are closely herded as they graze by day, and at dusk they are brought back into thornbush bomas (corrals or kraals), with people living in huts around them. On the commercial ranches, Frank (1998) found that lions took 0.51% of cattle and 0.27% of sheep annually. In 1996, it cost on average $360 in lost livestock to support a lion on the commercial ranches of Laikipia, or $1.54/head of cattle. However, there was great variation in loss rates among ranches, and losses on most ranches have declined with improved husbandry in subsequent years.
Data from one Laikipia group ranch and one settlement scheme (both communally owned by Mukogodo Masai pastoralists) showed losses of 0.69% of their cattle and 1.40% of sheep and goats annually to predators, largely spotted hyenas. This result may be compared to commercial ranches adjoining Tsavo, which lost 2.2% of cattle to lions annually (Patterson et al., 2004) . In one communal area of Zimbabwe, 1.2% of cattle and 3.4% of shoats were taken by predators (calculated from Butler, 2000) . On the Mbirikani Group Ranch in Kenyan Masailand, predators took 2.28% of the livestock herd annually, but lions accounted for only 4.4% of those losses, whereas spotted hyenas accounted for 62% (Maclennan et al., 2009 ). However, lions have been reduced to only about 1.5/100 km 2 on Mbirikani (Frank et al., 2006; Maclennan et al., 2009 ), a quarter of the density in Laikipia, and the relatively high livestock losses are due to poor herding, as most incidents involve stock left out in the bush at night.
DEPREDATION CIRCUMSTANCES
The great majority of lion depredation occurs at night (Frank, 1998; Hemson, 2003; Ogada et al., 2003) . In Kenya, lions most frequently take cattle simply by approaching a boma, causing the cattle inside to panic. If the boma is not sufficiently strong or if it has weak points (most often the "gate," which may be just a bush pulled into the opening), the cattle stampede out of the boma and may then be taken by the lions or by hyenas; rounding them up often takes several men and vehicles most of the next day. Aside from the actual loss of cattle killed, the stress may cause loss of weight and, hence, profit. Depending on the structure of the boma (see below), some lions may learn to leap over the wall, particularly when taking small stock from stone or wicker bomas.
Less commonly, lions take stock by day, which seems to be more opportunistic than taking them from bomas at night and usually occurs when a herd wanders into lions sleeping in the bush. Most ranchers consider this loss to be simply bad luck and do not hunt down the responsible lions. On one ranch that stopped all lion shooting, however, lions learned that they could take stock by day with impunity, and losses rose to 79 cattle in one year (M. Dyer, Borana Ranch, personal communication, 2005) .
Data from Laikipia Woodroffe and Frank, 2005) and from the Tsavo region (Patterson et al., 2004 ) support ranchers' and pastoralists' reports that livestock losses are higher during rainy periods. We saw few losses to predators during a severe multiyear drought, but losses skyrocketed when the rains finally came, and many lions were shot in response. We speculate that listless wild prey and ready availability of carcasses during dry periods provide easy meals and that lions are likely to turn to livestock when abundant grass makes wildlife harder to catch because they are well nourished, alert, and energetic. In the Makgadikgadi Pan, Botswana, and Ngorongoro Conservation Area, Tanzania (Hemson, 2003; Ikanda and Packer, 2008) , clear seasonal trends in livestock predation were recorded. These were related to wild prey availability: stock raiding decreased when migratory wild prey was present in large numbers and increased when migrant zebra and wildebeest moved to other areas.
In livestock areas, conservative grazing practices and effective control of poaching not only promote wildlife but also probably help minimize depredation losses.
Although more data are needed, in Laikipia it seems clear that depredation is strongly affected by the availability of wild prey ( Figure 2) ; lions are more likely to take livestock when other ungulates are in short supply. Thus, when livestock production is coupled with wildlife for ecotourism or sport hunting, losses to predators are reduced. Such "mixed systems" also maximize profit from land that is unsuitable for agriculture (Mizutani et al., 2005; NortonGriffiths et al., 2006) .
LETHAL CONTROL
Although Laikipia ranchers are remarkably tolerant of predators and willing to absorb a certain amount of loss, they do shoot persistent stock raiders, usually by tracking lions from a kill or by "sitting up," waiting for them to return to the carcass of a cow killed the night before. This is highly selective; "innocent" lions are rarely shot. Between 1998 and 2002, an average of 19.4% of the adult population was shot annually, amounting to 30-40 lions per year, divided equally among males and females (Frank, 1998; Woodroffe and Frank, 2005) . Although this seems a high mortality rate, lion numbers are capable of rapid recovery; cub survival as high as 78.5% (Hunter et al., 2007) and annual population growth rates of 30%-80% have been documented (Maddock et al., 1996; Kissui and Packer, 2004) . In Laikipia, cub survival is high, and the only emaciated lions we have seen have been very old, solitary individuals.
Importantly, lions originally collared in association with livestock kills were four times more likely to be shot in response to subsequent livestock damage than were lions collared on wildlife kills (12.9% versus 49.0%), strongly supporting ranchers' contention that certain individuals or prides are chronic livestock killers and others are not. More generally, ranches with good livestock husbandry rarely lose stock and rarely shoot lions, whereas both livestock and lions are killed at higher rates on ranches with poor practices.
Given that most Laikipia lions move over several ranches (which average 132 km 2 in size), a single ranch that kills many lions serves as a local sink, draining lions from a much larger area . In a recent example, a pride known since 1998 had a home range centered on Ranches C, D, and E, which have excellent cattle husbandry and minimal depredation problems (Figure 3) . Only 2.7% of all aerial fixes (n = 300) of the four collared females from this pride were on Ranch F, which does not use bomas for its cattle or tolerate wildlife, yet 9 of the 10 pride members, including five breeding females, were shot there. As we only learn of deaths in collared prides, these represent an unknown fraction of the total killed on this single ranch. A small number of the 25 commercial ranches in Laikipia account for the great majority of lion deaths in the region. Thus, even if a community of landowners wants to support predators, a few with poor husbandry and no interest in conservation can jeopardize the population of an entire region.
Because of the high mortality rate of stock-killing females, those not known to take livestock had four times higher cub production (0.98 cub/female/year versus 0.23 cub/female/year) and 2.7 times higher cub survival than did stock killers. Moreover, this population is producing a skewed cub sex ratio, 69:31 favoring males . It is not known whether this is an effect of excess male mortality or other ecological factors. Ogada et al. (2003) livestock from predators on commercial ranches. These practices evolved in response to the twin threats of both predators and livestock-stealing humans and are probably similar to those used when pastoralism was first introduced in Africa over 9,000 years ago (Marshall, 2000) . Not surprisingly, Ogada et al. (2003) found that ranchers kill significantly more predators on ranches where predators kill more livestock. Thus, implementation of any practice that reduces the vulnerability of livestock is critically important for reducing retaliatory killing of predators. Seventy-five percent of depredation of cattle, sheep, and goats took place at night, and lions were responsible for over 75% of the total; depredation on Laikipia ranches occurs largely at the boma. Well-built bomas effectively constrain cattle and keep predators out. Bomas in Laikipia are made from native thornbush (Figure 4) , stone walls, wooden posts, or wire mesh; of these, thick strong thornbush was most effective at keeping lions out and panicked cattle in. However, thornbush deteriorates over time, and many ranchers are reluctant to keep cutting mature trees to rebuild them. Stone is an excellent building material if there is a fence on top to prevent lions from leaping onto the wall and into the boma. Although most expensive to build, stone bomas last essentially forever and need little maintenance.
SOLUTIONS
Thornbush bomas are most effective if divided into inner "rooms" that make it harder for cattle to reach the main gate, and the gate must be very strong, preferably made from lumber. The normal practice of using a tree or bush as a gate is ineffective, as it does not contain panicked cattle and allows hyenas to enter.
Wire mesh is a poor barrier if not well supported, but John Harris on Suyian Ranch and Giles Prettejohn of FIGURE 3. Central Laikipia, showing the home range of female lions LF5, LF69, LF85, LF110, and their seven pride mates. These animals were not known to take livestock on Ranches A-E, but nine were shot on Ranch F, which does not use bomas for its cattle.
Ol Pejeta Conservancy have developed modular, moveable bomas made of mesh or old fencing wire welded into panels of interconnecting steel frames that are highly resistant to predators and easily transported (Ol Pejeta Conservancy, 2011). Not only are they predator proof, but they also allow ranchers to move bomas every few days to improve pastures. Although expensive (cattle bomas cost on the order of US$2,000 each), these bomas have proven 100% effective in preventing lion depredation by night and are being rapidly adopted by other Laikipia ranches.
We found that lions are reluctant to approach bomas that are located in close proximity to large numbers of people. However, for security and environmental reasons, some ranches do not allow herders to have their families at the bomas. Of course, in traditional societies bomas usually have large numbers of people and dogs. Dogs are also highly effective deterrents by both day and night (Woodroffe et al., 2007) ; they do not chase predators but warn herders, who then chase the lions. Again, however, some ranches do not allow dogs, as herders may use them for hunting wild game. Dogs can carry lethal carnivore diseases, but they are such an effective deterrent that vaccinated dogs are an essential component of livestock husbandry. Bright lights or noise-making devices like a shotgun or thunder flash (firecracker) also effectively repel loitering lions.
PROBLEM ANIMAL CONTROL
In the absence of totally reliable methods for protecting livestock from lions, some depredation is inevitable, and some lions will become habitual livestock killers. There is as yet no alternative to lethal removal of chronic offenders through Problem Animal Control (PAC). "Translocating" problem predators to parks is not a humane alternative, as translocated predators often sustain severe tooth and claw damage in the trap, are severely persecuted by residents of the same species where released, and usually end up being killed, often after causing further problems as they try to find their way home (P. Jenkins, Kenya Wildlife Service, 1997; Frank et al., 2003) . Because of trauma to the animals and the low likelihood of survival, we strongly recommend against translocation.
Most commercial ranchers are able to deal with problem lions, but small-scale rural farmers and pastoralists usually do not have the means. In Kenya, rural people consistently complain that wildlife authorities do not respond effectively when people report chronic stock raiders, leading to resentment not only against wildlife, but also government, conservation, and tourism. A well-trained and reliable PAC team, able to respond efficiently, effectively, and rapidly, is an essential element of large-carnivore management in livestock areas. In their absence, rural people have little alternative besides such indiscriminate methods as poisoning, which probably poses the most serious threat to predator populations. Problem Animal Control teams should be trained not only in the reliable identification of problem animals and humane removal but also, most importantly, in educating rural people in livestock husbandry techniques that better protect stock.
CONCLUSIONS
Large carnivores are among the most difficult animals to conserve because their feeding habits inevitably bring them into conflict with humans. At the same time, their wide ranging movements and need for substantial prey populations require very large areas, and thus, only the biggest protected or well-managed landscapes currently provide long-term security for viable populations; only six such areas currently exist in Africa.
Conflict with humans over livestock depredation is the single most important factor causing the decline in African lion populations. With growing numbers of people and livestock throughout the continent, conflict mitigation must be implemented on a wide scale if lions are not to become restricted to a few very large protected areas or wellmanaged hunting blocks. Traditional methods of livestock husbandry are remarkably effective at minimizing conflict, but these are being lost to modernization. Building good bomas and conscientiously tending livestock require time and effort at a time when poison is readily available and spearing lions is the only traditional test of manhood left for young warriors. As pastoralists increasingly engage in a cash economy, they have lost their tolerance of predators and are likely to continue eliminating lions unless lions bring in financial benefits that outweigh costs.
In the 95% of Kenya's rangeland that does not support tourism (Norton-Griffiths et al., 2006) , wildlife are only an expensive nuisance to the people who share their habitat: wild animals kill livestock, destroy crops, and occasionally kill and injure humans. Few rural people benefit from tourism revenues, but in combination with poor law enforcement, national policy, which prohibits legal and sustainable consumptive utilization, ensures that the only value for wildlife is as bushmeat, snared or hunted illegally and unsustainably. Thus, current policy in Kenya, essentially determined by foreign animal rights groups with neither interest nor expertise in conservation, effectively makes rural Kenyans resent and eliminate wildlife.
In 2007, tourist hunters in Botswana paid US$140,000 to shoot a lion, $100,000 of which went to the community in which it was taken (J. Rann, Rann Safaris, personal communication, 2006) . Given Kenya's romantic history of hunting (Herne, 1999 ), today's wealthy trophy hunters would probably pay substantially more than that for a Kenyan lion. Laikipia is currently the only nonprotected area in Kenya with a lion population large and stable enough to permit a carefully regulated offtake of several old males per year (Whitman et al., 2004) . If equitably distributed and combined with help in preventing depredation losses, this potential income could significantly improve community perceptions of predators and the potential role of wildlife in raising rural living standards. However, many argue that Kenya's pervasive corruption would make it impossible to sustainably manage and regulate a lucrative hunting industry except on privately owned lands.
People will either learn to live with lions or we will lose them. We have shown that ancient livestock husbandry methods effectively protect livestock from lions, but spears, bullets, and poison are always cheaper and easier solutions than managing livestock, lions, or growing rural human populations. Thus, rural people must perceive lions and other wildlife as valuable commodities if they are to accept the burden of living with them: the benefits of wildlife must outweigh the costs. Successful lion conservation must combine effective management of risks with development of viable wildlife-based economies that improve the lives of rural Africans. Traditional peoples and wildlife managers already have most of the techniques necessary to manage depredation, but the greater challenge of managing ecologically sustainable rural development lies in the realm of policy, social science, and politics.
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